･ Gsdf is expressed predominantly in XY gonads in the Nile tilapia.
INTRODUCTION
Many studies have examined sex differentiation/determination systems in vertebrates; however, several details remain to be elucidated. It has been revealed that SRY/sry, the sex-linked testis-determining gene, triggers male differentiation in most mammals. In birds, reptiles, amphibians, and fish, extensive efforts have failed to find an ortholog to SRY/sry, suggesting that 20 SRY is specific to mammals (Capel, 2000) . In teleosts, the sex-determining gene dmy/dmrt1Yb, whose structure is entirely different from that of SRY, has been identified in the medaka (Oryzias latipes) as a second vertebrate sex-determining gene (Matsuda et al., 2002 , 2007 , Nanda et al., 2002 . In addition, dmy/dmrt1Yb is only found in two subspecies among more than 20 related species of medaka (Matsuda et al., 2003) . Over the past several years, sex-determining genes 25 have been identified in numerous lower vertebrates, including dm-W in the amphibian Xenopus laevis (Yoshimoto et al., 2008) and gsdfY, amhY, sdY, amhr2 and sox3 in a suite of species of teleost fish, i.e., a medaka-related fish, (Oryzias luzonensis) (Myosho et al., 2012) , Patagonian pejerrey (Odontesthes bonariensis) (Hattori et al., 2012) , rainbow trout (Onchorhynchus mykiss) (Yano et al., 2012) , tiger pufferfish (Takifugu rubripes) (Kamiya et al., 2012) , and another 30 medaka-related fish (Oryzias dancena) (Takehara et al., 2014) , respectively. Thus, in contrast to many other developmental processes, evolutionary diversity exists in the initial switches of sex determination. Conversely, the downstream cascade of genes involved in gonadal sex differentiation has been thought to be relatively conserved among diverse species (Capel, 2000) , although differences in downstream regulatory networks between mammals and medaka were 35 recently pointed out (Herpin et al., 2013) . Downstream genes such as dmrt1 (doublesex/mab-3-related transcription factor-1) (Adolfi et at., 2015 , Guan et al., 2000 Shibata et al., 2002; Smith et al., 1999; Raymond et al., 1998 Raymond et al., , 1999a , sox9 (Capel, 2000; Kobayashi et al., 2008; Nakamoto et al., 2005; Vidal et al., 2001) , amh (anti-Mullerian hormone) (Cutting et al., 2013) , wt1 (Chen et al., 2013; Takasawa et al., 2014) , and foxl2 (Baron et al., 2004; Pailhoux 40 et al., 2002 Pailhoux 40 et al., , 2001 Ottolenghi et al., 2005; Wang et al. 2007 ) have been investigated in many vertebrate species, but the overall gene network and its regulation remain unclear.
The Nile tilapia Oreochromis niloticus is a gonochoristic teleost fish that is well characterized as a model for gonadal sex differentiation (Kobayashi and Nagahama, 2009; Nakamura, et al., 1998) . Although high temperatures (36°C) increase the male ratio in some 45 strains of Nile tilapia when applied at the critical thermosensitive period of gonadal differentiation (Baroiller et al., 1995) , the strain maintained in our laboratory has displayed a completely stable XX-XY genetic sex-determination system over many years when reared at a constant temperature of 26°C. In this species, sex reversal is easily inducible using sex hormones.
Therefore, all-female (XX) or all-male (XY) populations can be obtained through the artificial 50 fertilization of eggs from a normal female (XX) with sperm from sex-reversed males (XX) or of normal eggs (XX) with milt from supermales (YY) (Carrasco et al., 1999; Kobayashi et al., 2003 Kobayashi et al., , 2002 Kobayashi et al., , 2000 , respectively. A major locus on the Y chromosome has been shown to control sex determination, but no sex-determining gene has yet been identified in tilapia (Cnaani et al., 2008; Volff et al., 2007) . However, the expression patterns of most of the downstream genes involved 55 in gonadal sex differentiation, especially those of foxl2, cyp19a1a (P450arom), fshr, hsd17b1, dmrt1, and sox9a, have been investigated (Ijiri et al., 2008; Kobayashi et al., 2008 Kobayashi et al., , 2003 Wang et al. 2007; Yan et al., 2012) . In light of these studies, the period before/at 5-6 days post-hatching (dph) is critical to the initiation of sex determination/differentiation, in which undifferentiated gonads differentiate into testes or ovaries in tilapia. In the present study, we isolated previously 60 uncharacterized genes that are specifically expressed in the gonads at the initiation of sex determination and differentiation (5-6 dph) in tilapia using cDNA microarray screening. Among the isolated genes, we focused on #9475/gsdf, which showed much higher expression in XY undifferentiated gonads than in XX gonads. This study aimed to characterize the #9475/gsdf gene expression pattern and to reveal the role of #9475/gsdf in gonadal sex differentiation in tilapia.
MATERIALS AND METHODS

Animals
Nile tilapia were reared in fresh water under constant conditions of temperature (26˚C) and photoperiod (14L: 10D) in indoor tanks (500 L) for over a year until sexually mature. The fish were fed commercial trout pellets ad libitum. Under these conditions, mature females (XX) spawn repeatedly in a cycle of 14-18 days. Eggs were stripped on the spawning day and fertilized by the usual dry method. To obtain all-female (XX) or all-male (XY) populations, sperm stripped from sex-reversed pseudomale (XX) or supermale (YY) fish were used for 75 artificial fertilization, as described elsewhere (Kobayashi et al., 2000) . The fertilized eggs were cultured in round-bottom glass tubes (50 mL), and the eggs were rotated continually by injection of circulating water at 26˚C. The fry hatched at 4 days after fertilization. At 4 to 5 dph, the fry were transferred to a 40-L aquarium. At 7 to 8 dph, the fry began to feed and were fed daily with commercial food (Otohime B1, Marubeni Nisshin Feed) for fish larvae. All animal husbandry
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and experimentation was conducted in accordance with our Guide for Care and Use of Laboratory Animals and was approved by the Institutional Committee of Laboratory Animal Experimentation (National Institute for Basic Biology).
Microarray screening of cDNAs in XX and XY undifferentiated gonads
85
To isolate the uncharacterized genes that were dominantly expressed in either the XX or XY gonads at 5-6 dph, we constructed and screened a cDNA microarray. XX-specific cDNA libraries were constructed using XX gonadal cDNA, from which XY gonadal cDNA was subtracted at 5 and 6 dph using a Super SMART PCR cDNA Synthesis Kit and PCR-Select cDNA Subtraction Kit (Clontech). XY-specific cDNA libraries were also constructed in the same 90 manner, using XY gonadal cDNA from which XX gonadal cDNA was subtracted. Approximately 5,500 independent sequences were determined from these subtracted cDNA libraries.
Approximately 5,500 additional independent sequences were obtained from EST libraries produced using the SMART cDNA Library Construction Kit (Clontech) from both XX and XY gonads (5, 10, and 35 dph). Approximately 11,000 total independent cDNAs from both the 95 subtracted cDNA and EST libraries were spotted onto glass slides using a GenIII Microarray Spotter (Amersham Biosciences (GE Healthcare)). Microarray screening was conducted using labeled cDNA from XX or XY gonads at 5, 6, and 7 dph using a LabelStar Array Kit and HiLight
Array Detection System (Qiagen). Candidate cDNAs expressed predominantly in either XX or XY gonads in the 5, 6, or 7 dph were selected. All candidate cDNAs were further screened by 100 quantitative RT-PCR (qRT-PCR) using XX and XY gonads at 5, 6, and 7 dph as described in Section 2.5. The terminal sequences of the cDNAs that passed through the qPCR selection were determined using the SMART RACE cDNA Amplification Kit (Clontech 
Tissue distribution analysis by RT-PCR
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Total RNA samples were extracted from the gonadal and somatic tissues (brain, liver, pituitary, spleen, gill, head kidney, heart, kidney and muscle) of adult tilapia. First-strand cDNA was synthesized using M-MLV Reverse Transcriptase (Invitrogen) and random hexamer primers.
PCR was conducted with the following #9475/gsdf gene-specific primers:
5′-ACCCGAAGCTGCCGTCTT-3′ (forward primer) and
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5′-GACTGCTGGGGTTGCAGTATG-3′ (reverse primer). PCR was performed with initial denaturing at 96°C for 1 min, followed by 30 cycles of 20 s at 94°C, 20 s at 60°C, and 15 s at 72°C. cDNA from XY gonads at 7 dph was used as a positive control (data not shown). cDNA of -actin was amplified as an internal control for RT-PCR using the following primers: 5′-GGCATCACACCTTCTACAACGA-3′ (forward primer) and
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5′-ACGCTCTGTCAGGATCTTCA-3′ (reverse primer). The PCR products were electrophoresed on a 2% agarose gel.
RNA extraction and one-step real-time RT-PCR
Gonads were sampled at 5, 6, 7, 10, 15, 25, 35 , and 70 dph. At each sampling point, 30
135 to 50 fry were sacrificed from both sex groups. The fry were dissected, and their gastrointestinal systems and yolks were removed under stereomicroscopy. RNAlater regent (Ambion) was poured on the coelomic epithelium to stabilize the RNA in the gonads, which were then removed using fine forceps. Thirty to fifty gonads were pooled in a tube with RNAlater reagent and stored at -80˚C until RNA extraction. Ovaries or testes from adult tilapia were also sampled and stored each sample to confirm single amplification. The real-time RT-PCR data were expressed as the mean ± SEM of at least three independent samples. These data were converted to log 10 values for all statistical analyses. The data sets for the XX and XY gonads at each time point were compared using paired t-tests. Significant differences in the data within the XY group at 5, 6, and 7 dph were tested through ANOVA with post-hoc tests (Tukey-Kramer). The data sets for the 160 adult ovaries and testes were compared using Student's t-test.
In situ hybridization
The head of the fish was cut off, the viscera were removed, and the remaining portion of the trunk, which contained the gonads, was used for sectioning or whole mount. The trunks of 165 the fry, including the gonads, were dissected at 3, 4, 5, 6, 10 and 20 dph and fixed with 4% paraformaldehyde in PBS (4% PFA) at 4°C overnight. Testes and ovaries were removed from the fry at 40 and 70 dph, together with the coelomic epithelium, and fixed with 4% PFA. After fixation, PFA was replaced with 100% methanol, and the samples were stored at -30˚C for whole-mount in situ hybridization. For section in situ hybridization, the samples were embedded 170 in paraffin, and cross sections were cut at 4 µm.
A 1055-base pair (bp) cDNA fragment from the 5′ end of the #9475 cDNA was subcloned into the pGEM T-easy vector (Promega was used as the chromogen. Whole-mount in situ hybridization was performed as follows. The samples in 100% methanol were hydrated and subjected to the same procedure used for in situ hybridization. After signal color development, the samples were washed with PBST (PBS with 0.05% Tween20), and transferred to 25% and then 50% glycerol/PBST. The gonads were removed from the trunk, placed on a slide glass, and then covered with cover glass.
185 2.7. Production of polyclonal antiserum and immunological detection of #9475 protein cDNA encoding #9475 amino acid residues 39-109 (GenBank Accession No. AB583676.1) was ligated into the pQE-30 vector (Qiagen) with a six-histidine residue at the amino terminus. Polyclonal antiserum for the recombinant protein was generated and the IgG 190 fraction was used for immunoblotting and immunohistochemistry according to a protocol described elsewhere (Ijiri et al., 2006) with minor modification as follows. Supernatants of testicular and ovarian homogenate (homogenized with 150 mM NaCl, 1 mM EDTA, 1% Nonidet™ P-40, 0.2 mM APMSF, 50 mM Tris, pH 7.5) were subjected to immunoblot analysis.
To evaluate the specificity of the antiserum, pCAGGS containing the ORF of #9475 (see Section 195 2.8) was transfected into human embryonic kidney (HEK) 293 cells according to a method described elsewhere (Zhou et al., 2007) . Incubation media were collected at 1 and 2 days after the transfection and subjected to immunoblot analysis. Sections (5 μm thick) from gonads in 7 dph and adult testes and ovaries were subjected to immunohistochemical analyses. 
Overexpression of the #9475 gene
In vivo transgenic overexpression of the #9475 gene in XX individuals was performed according to the methods of our previous study (Wang et al., 2007 ). An expression plasmid for #9475 was produced as follows. Complementary DNA encoding the ORF of #9475 was amplified by PCR with a primer set introducing the EcoRI and SalI sites, as indicated by the 205 underlined sequences (forward primer 5′-TGTGAATTCACCATGGCCTTTCCA-3′ and reverse primer 5′-ACAGTCGACAGCCTACTCCTTGCC-3′). The amplified fragment was digested by
EcoRI and SalI and ligated into the multiple cloning site downstream of the cytomegalovirus (CMV) sequence of the pIRES-hrGFP-1a vector (Stratagene). The prepared construct was microinjected into XX fertilized eggs at the one-cell stage. At 11 months after injection, these 210 gonads were subjected to histological examination. Immunohistochemical examination was performed in control XX gonad using antibodies against Cyp19a1a according to a previous report (Kobayashi et al., 2003) . Over-expression of the #9475 gene was repeated using a pCAGGS vector that did not contain any reporter gene to exclude the possible influence of GFP on tilapia gonadal differentiation. The ORF of #9475 was inserted into the XhoI site in the 215 multiple cloning site of the pCAGGS vector (Niwa et al., 1991) . The I-SceI meganuclease recognition sequence (TTAGGGATAACAGGGTAATT) was also inserted into the HindIII site of the pCAGGS vector after the polyadenylation signal of the vector itself. The construct was microinjected into XX fertilized eggs with I-SceI meganuclease according to the method previously used for medaka transgenesis (Thermes et al., 2002) . XX fertilized eggs were also 220 given injections of I-SceI meganuclease alone. At 3 months after injection, the gonads were subjected to histological examination.
RESULTS
Isolation of predominantly expressed genes in male and female undifferentiated gonads
225 during the sex-determining period of Nile tilapia Our previous study indicated that the exact timing of gonadal sex differentiation and development in the XX and XY gonads of tilapia is 5-6 dph; this period is critical for the differentiation of undifferentiated gonads into either ovaries or testes (Ijiri et al., 2008) .
To isolate uncharacterized genes that were predominantly expressed in either XX or XY gonads 230 at 5-6 dph, we constructed and analyzed a cDNA microarray. 176 genes were identified by the cDNA microarray screening as candidates for differential expression between the XX and XY gonads at 5-7 dph. For example, 35 candidate genes were selected as predominantly expressed genes in XY gonad when compared with XX gonads. In this case, 702 genes were selected from a scatter plot of the signals from Au (XY gonads) and Ag (XX gonads), and 71 genes were 235 selected by dye swap hybridization. The 35 common genes that were selected from both scatter plots were used for further selection (Fig. 1A) . The 17 genes previously identified to be involved in tilapia gonadal differentiation were not selected by this microarray screening. Among the 176 candidate genes, further screening by qRT-PCR indicated that 10 genes were specifically or predominantly expressed in the XY gonads, and 2 genes were predominantly expressed in the 240 XX gonads (Fig. 1B) . Full-length cDNA sequences of these 12 genes and primer sets used for #4742, #8050, #9224, #9439, and #3523) were not similar to known sequences (Supplemental Material 1). All 12 genes were investigated by in situ hybridization using XX or XY gonads in 5-10 dph as a preliminary experiment. Only #9475 showed a distinct signal; the other genes showed faint signals or no signal in the gonads (data not shown). Therefore, in this study, we first focused on #9475.
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BLAST searching in the DNA Data Bank of Japan indicated that the deduced amino acid sequence of the #9475 shared 46% similarity with the gonadal soma-derived growth factor-1 (gsdf-1) of rainbow trout, a member of the transforming growth factor (TGF)-beta superfamily.
Recently, the cDNA of medaka gsdf was cloned (Shibata et al., 2010) , and its sequence showed
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42% and 51% similarity with that of rainbow trout gsdf-1 and tilapia #9475, respectively. The length of #9475 was consistent with that estimated from the virtual northern blot analysis (data not shown). The ORF encoded a protein containing 213 amino acids with 7 conserved cysteine residues (a.a. 110, 139, 142, 169, 170, 199, and 202) (Fig. 2) . We also performed a phylogenic tree analysis for #9475. As shown in Figure 3 , the phylogenic tree analysis revealed that #9475 260 belonged to the same branch as the gsdf of other teleosts when aligned with the other members of the TGF-beta superfamily, suggesting that tilapia #9475 is a member of the gsdf family.
Tissue distribution of #9475/gsdf as determined by RT-PCR
A tissue distribution analysis using RT-PCR revealed that #9475/gsdf mRNA was 265 expressed specifically in the ovary and testis. PCR amplification of cDNA derived from the brain, liver pituitary, spleen, head kidney, gill, heart, kidney, and muscle did not produce a specific amplicon (196 bp). A 342-bp -actin fragment was amplified from all samples (Fig. 4A ).
Quantitative RT-PCR analysis indicated that the adult testis expressed large amounts of #9475/gsdf mRNA, whereas the adult ovary expressed small amounts (p < 0.01) (Fig. 4B) . 
#9475/gsdf mRNA expression in gonads during early development
We performed quantitative one-step real-time RT-PCR analysis to examine the exact expression patterns of #9475/gsdf mRNA in the gonads during early development (5-70 dph).
The #9475/gsdf gene was expressed in the XX and XY gonads at 5 dph. The expression level in 275 the XY gonads was higher than that in the XX gonads at 5 dph (p < 0.05). Thereafter, the levels in the XY gonads increased rapidly until 10 dph and then increased gradually until 70 dph. The #9475/gsdf mRNA level in the XX gonads increased gradually but was consistently lower than that in the XY gonads throughout the period from 5 to 70 dph (Fig. 5A ). Although the early sex differentiation-related gene dmrt1 was expressed in the XY and XX gonads at 5 dph, the 280 expression level of this gene did not differ significantly between the sexes. At 6 dph, dmrt1 expression was significantly higher in the XY gonads than in the XX gonads (p < 0.01) (Fig.   5B ).
We performed whole-mount in situ hybridization at 10 and 20 dph to visualize the sexual dimorphism of #9475/gsdf mRNA expression in tilapia gonads. As shown in Fig. 6 , the 285 number of #9475/gsdf-positive somatic cells in the XY gonads was much larger than that in the XX gonads (Fig. 6B vs. 6F, 6D vs. 6H). The #9475/gsdf signals were much higher at 10 dph than at 20 dph (Fig. 6B, D) . Next, we performed section in situ hybridization to clarify the localization of #9475/gsdf expression in the gonads during early development (3 to 70 dph) (Fig.   7 ). The #9475/gsdf mRNA was not detected in either the XX or XY gonads at 3 dph (Fig. 7A, F) .
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In the XY gonads, #9475/gsdf mRNA first became apparent at 4 dph (Supplemental Material 2C), then increased rapidly from 4 to 7 dph (Fig. 7B, C) . The number of cells positive for #9475/gsdf mRNA in the XY gonads rapidly increased, and the signals became stronger, from 4 dph to 10 dph (Fig. 7D) . #9475/gsdf mRNA expression then continued to gradually increase until 40 dph (Fig. 7K ). In the XX gonads, #9475/gsdf mRNA first became apparent at 5 dph in an obscure 295 manner and was constantly less prevalent than in the XY gonads (Fig. 7G) . After 10 dph, the number of cells positive for #9475/gsdf in the XX gonads also increased. However, the signals in the XX gonads were much lower than those in XY gonads ( Fig. 7F-J) . Positive signals for #9475/gsdf mRNA were detected only in the somatic cells surrounding the germ cells in both the XX and the XY gonads. In the adult testis, expression was detected in the epithelial cells of the 300 intratesticular efferent duct and the surrounding cells of type-A spermatogonia (Fig. 7L, M ). In the adult ovary, expression was detected in the granulosa cells of previtellogenic follicles, although the expression level was lower than that in the testis ( Fig. 7O, P) . In this study, no 
#9475/gsdf protein expression in gonads
The anti-#9475/gsdf antiserum detected a single 32 kDa band among proteins prepared from the tilapia adult testis (Fig. 8a) . The antiserum did not react with proteins present in supernatants of the adult ovary (Fig. 8b) . The antiserum detected a faint band at approximately 310 32 kDa with proteins present in the incubation media of HEK293 cells transfected with the expression vector harboring the ORF of #9475/gsdf at 1 day after transfection (Fig. 8c, lane 1) , and the 32 kDa band became stronger on day 2 (Fig. 8c, lane 2) . The 32-kDa bands were larger than the calculated Gsdf protein size of 23 kDa. The greater detected size might be caused by post-translational modification such as glycosylation. In sections of XY gonads at 7 dph, somatic 315 cells attached to germ cells showed immunostaining (Fig. 8d) . The immunoreactivity was not detected in XX gonads at 7 dph (Fig. 8e) . In the adult testis, immunoreactive cells presented somatic cells surrounding type-A spermatogonia (Fig. 8h) , and epithelial cells of the efferent duct (Fig. 8g) . 
Overexpression of the #9475/gsdf gene in XX tilapia
To clarify the function of #9475/gsdf in gonadal differentiation, we overexpressed #9475/gsdf with GFP in XX tilapia using a CMV promoter-derived expression vector. At 11 months after microinjection, we observed that some of the XX tilapia injected with the overexpression vector had a gonadal structure similar to that of XY individuals (Fig. 9B ). These 325 gonads exhibited typical testis structure and complete spermatogenesis, and no ovarian structure or oocytes were observed (Male individuals/XX-TG individuals: 5/12). These testes showed mosaic expression of GFP (Fig. 9B, inset) in the same manner seen in our earlier study (Wang et al., 2007) . To reconfirm the role of #9475/gsdf in tilapia gonadal differentiation, a different type of vector containing the AG promoter for overexpression of #9574/gsdf lacking GFP was also 330 introduced into XX fertilized eggs. At 3 months, two of 10 tilapia (XX-TG) had developing testis including development of type A spermatogonia to sperm. This histological feature was the same as that of the normally developing testis of control XY tilapia at three months (Data not shown). The other eight XX-TG tilapia had developing ovaries including perinucleolus oocytes, which represented the same developing stage observed for normal XX tilapia ovaries. All control
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XX tilapia and XX tilapia receiving I-SceI meganuclease injection developed normal ovaries (Fig.9A, C) .
DISCUSSION
Identification of predominantly expressed genes in XX or XY gonads
340
In the present study, cDNA microarray screening was conducted using XX and XY gonads in the early period when differential gene expression occurs between them. Within 5-7 dph, foxl2, cyp19a1a, and dmrt1 expression begin to increase dependent on the sex. However, these three genes were not selected by the microarray because the intensity of the signal difference of these genes between XX and XY samples was under 2.0-fold, which was the 345 threshold employed in this screening. This result indicates a limitation of the cDNA microarray with regard to the sensitivity to detect small differences in mRNA levels. Even though the three known genes were not selected, this screening identified 10 and 2 genes that are predominantly expressed in XY and XX gonads, respectively. Among these genes, only #9475 gene showed distinct expression by preliminary in situ hybridization (ISH) analyses comparing XX and XY
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gonads at 8-10 dph. Therefore, we focused on #9475 in this study. Among the other genes, two genes, #3972 and #10053, have homology with major histocompatibility complex (MHC) class I, which is known to play a role in presenting peptide antigens to T cell receptors and is also involved in self-recognition. This gene exists as multiple copies, and the class I genes are highly polymorphic (McConnell et al., 2014) . Considering the diversity of the MHC class I genes, the 355 detection of specific expression of #3972 and #10053 genes in the XY gonads may have resulted from a difference between the YY strains and XX strains, but not from a difference of sex. The #786 gene had weak homology with desmocollin, which is involved in cell adhesion (Garrod et al., 2002) . The other 6 genes predominantly expressed in XY gonads did not show homology with known molecules. Of the 2 genes that showed higher expression in XX gonads, #6211 has 360 homology with von Willebrand factor, a blood glycoprotein required for hemostasis (Sadler, 1998) . The other gene, #3523 did not match with known sequences. The physiological importance of these genes other than #9475 remains unknown; however, the lack of detection by ISH in gonads may indicate a lack of involvement in gonadal differentiation. 
#9475 is an ortholog of gsdf
A comparative analysis of the deduced amino acid sequences revealed that #9475 is most similar to rainbow trout gsdf-1 and medaka gsdf, a cDNA that encodes a unique member of the TGF-beta superfamily found only in teleost fish (Sawatari et al., 2007; Shibata et al., 2010; Gautier et al., 2011) . This may suggest that Gsdf has a distinct role only in teleost fish species.
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TGF-beta members commonly have seven conserved cysteine residues, six of which (the first through third and fifth through seventh) form a cysteine knot motif, with the fourth cysteine involved in interchain disulfide bonds (Daopin et al., 1992; Kingsley, 1994) . Although the gsdf-1 of rainbow trout lacks the seventh characteristic cysteine, #9475 has seven cysteine residues in keeping with other TGF-beta superfamily members, including the predicted Gsdf of other fish 375 species (Fig. 2) . In the rainbow trout, another gsdf form was identified, termed gsdf-2. The trout Gsdf-2 contained the seventh cysteine residue; therefore, only trout Gsdf-1 was lacking the seventh cysteine. The phylogenetic tree analysis also suggested that #9475 is a member of the gsdf family that only exists in fish species (Fig. 3) . These data strongly suggest that #9475 is an ortholog of the gsdf gene in the Nile tilapia. 
Gsdf is dominantly expressed in XY gonad
RT-PCR analysis revealed that tilapia gsdf mRNA expression was limited to the ovary and testis, although the testicular expression was much higher than the ovarian expression. This result was consistent with the observations in medaka (Shibata et al., 2010) and rainbow trout 385 (Sawatari et al., 2007) . This distinct gonad expression pattern in these three fish species suggests that Gsdf plays a particular role in gonadal development.
In the present study, ISH analysis demonstrated that gsdf mRNA expression began at 4 dph in the undifferentiated gonads of XY fry only. The distinct expression of gsdf mRNA in the XY gonads was obvious because the in situ signal intensity rapidly increased from 4 to 10 dph; 390 in contrast, the mRNA signals were consistently obscure and maintained at low levels in XX gonads until 20 dph. This distinct difference in gsdf mRNA expression between XY and XX undifferentiated gonads observed by ISH was not reflected in qRT-PCR results at 5 dph, although a significantly higher level of gsdf mRNA expression was detected in XY gonads compared with
The differences in mRNA expression detected by qRT-PCR became obvious at 6 dph (p < 0.01). Although quantitative data were not obtained at 4 dph because we could not collect a sufficient number of gonads for RNA extraction, it was suggested that gsdf mRNA was expressed after 4 dph and up-regulated in XY gonads at least after 5 dph.
The morphological sexual differences in tilapia gonads have previously been reported in 400 detail (Kobayashi and Nagahama, 2009). The first morphological change, a difference in germ cell number between the XX and XY gonads, occurs after 9 dph with an increase in the size of XX gonads, whereas the germ cell number does not change until 14 dph in the XY gonads (Kobayashi et al., 2008) . Under light microscopy, gonadal sex differentiation appeared at 23-26 dph with the formation of ovarian cavity in the XX gonad or the efferent duct in the XY gonad 405 (Nakamura et al., 1998) . This evidence indicates that gsdf mRNA is expressed much earlier than the appearance of morphological sex differences.
In trout, gene knockdown of gsdf-1 by inhibition of translation resulted in suppressed primordial germ cell (PGC) proliferation (Sawatari et al., 2007) . The suggested role of trout Gsdf-1 on PGC proliferation seems to contradict with the lack of change in germ cell number 410 until 14 dph, whereas in the present study, gsdf expression increased rapidly during this period in the tilapia XY gonad. In tilapia, the predominant expression of gsdf in XY undifferentiated gonads may play a different role, e.g., maintaining the quiescence of the germ cells or playing roles other than germ cell proliferation.
Our previous study demonstrated that dmrt1 mRNA expression began to increase after 6 415 dph in XY gonads, and no difference in mRNA levels was observed between XY and XX gonads at 5 dph based on qRT-PCR analyses (Ijiri et al., 2008) . This result was confirmed in the present study. Furthermore, our previous study based on ISH demonstrated that dmrt1 mRNA was first detected in XY gonads at 6 dph and not detected in XX gonads (Kobayashi et al., 2008 surrounding pre-vitellogenic oocytes in earlier developmental stages was also reported by medaka (Shibata et al., 2010) . In coho salmon, the gsdf mRNA level increased in the ovaries from the perinucleus stage to the cortical alveolus stage (Luckenbach et al., 2008) . Gsdf expression in ovary thus seems to be common to least these three fish species; however, the physiological importance in the ovary will not be clear until a gsdf knock-out analysis in the XX 440 fish is conducted.
Gsdf induces testis-differentiating in the tilapia
Many studies on testis-determining factors such as Dmrt1 and Sox9 have previously been conducted in mammals and birds (Barrionuevo et al., 2006; Smith et al., 2009) . Dmrt1 445 appears to be involved in a certain type of XY sex reversal in humans (Bennett et al., 1993; Flejter et al., 1998; Raymond et al., 1999b; Veitia et al., 2001 ). In chickens, Dmrt1 was mapped to the Z chromosome (Nanda et al., 2000 (Nanda et al., , 1999 . mRNA expression of Dmrt1 was also found to occur almost exclusively in the chicken testis during gonadal differentiation, and aromatase inhibitor-treated ZW embryos showed female-to-male sex reversal accompanied by Dmrt1 450 expression in medullary cells (Smith et al., 2003 (Smith et al., , 1999 . A recent study in chickens lends additional support to this hypothesis, as ZZ chickens in which Dmrt1 was knocked down by RNA interference showed partial sex reversal (Smith et al., 2009) . Additionally, Dmrt1 is expressed in the germ cell-surrounding cells and intratesticular efferent ducts after testicular differentiation in medaka, a teleost fish, similarly to its expression in tilapia (Kobayashi et al., 455 2008 (Kobayashi et al., 455 , 2004 . However, the sex-determining gene dmy/dmrt1Yb, a dmrt1 paralog, showed the same localization as dmrt1 prior to sex differentiation (Kobayashi et al., 2008; Matsuda et al., 2007 Matsuda et al., , 2002 . Recently, a DNA-binding domain mutant of dmrt1 in medaka was shown to cause ovarian differentiation in XY individuals, suggesting that dmrt1 is required for testis differentiation after dmy sex determination . In the present study, the 460 tilapia gsdf mRNA was dominantly detected in the male gonads in advance of dmrt1 detection, and both gsdf and dmrt1 were localized specifically in germ cell-surrounding cells in morphologically undifferentiated gonads. In medaka, the expression profiles of sex differentiation-related genes suggest that gsdf is downstream of the sex-determining gene dmy/dmrt1Yb during sex determination, but it is expressed earlier than dmrt1 in the Sertoli cell 465 lineage (Kikuchi and Hamaguchi, 2013; Myosho et al., 2012; Shibata et al., 2010; Takehana et al., In the tilapia, upregulation of other genes involving testis differentiation, such as anti-Mullerian hormone (after 15 dph) and sox9 (after 35 dph) were delayed far behind gsdf (5 dph) and dmrt1 (6 dph) upregulation in XY gonads (Ijiri et al., 2008) , suggesting important roles of gsdf and 470 dmrt1 as initial switches to promote testis differentiation.
To determine whether tilapia gsdf plays an important role in testis differentiation, a gain-of-function analysis was conducted in XX tilapia using two different types of overexpression vector. The CMV promoter-derived gsdf-GFP clearly induced testis differentiation in 42% of XX tilapia and led to complete spermatogenesis at 11 months post function by the GripNA (the inhibitory effect may continue at most two weeks after injection)
was not sufficient to inhibit testicular differentiation in XY tilapia. A knock-out analysis for the gsdf gene must be conducted to provide a conclusive answer to this question. In O. luzonensis, a subspecies of medaka that lacks dmy/dmrt1Yb (Kondo et al., 2004; Matsuda et al., 2003) , gsdfY (gonadal soma-derived factor on the Y chromosome) was recently identified as a 500 sex-determining gene (Myosho et al., 2012) . Further functional analysis indicated that a transgene with a region including the gsdfY genomic fragment in XX O. luzonensis and O.
latipes was sufficient to produce fertile males, although the effects of the overexpression of the medaka gsdf open reading frame itself in XX O. latipes remains unclear. The present study is the first to report that overexpression of gsdf itself is sufficient to induce testis differentiation.
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Together with the results in tilapia in the present study, this evidence indicates that gsdf expression induces complete testis differentiation and plays an important role in the testis differentiation pathway.
Conclusions and perspectives
510
In conclusion, this study demonstrated that gsdf is distinctly and predominantly expressed in XY undifferentiated gonads before any other testis-differentiation-related gene identified thus far in the Nile tilapia. This gene is also sufficient to induce the male sex differentiation pathway in the XX gonads of tilapia. As the relationship between gsdf and dmrt1 remains unclear and no sex-determining gene has yet been identified in tilapia, further studies are 515 necessary to illustrate the initiation mechanism of testis differentiation in relation to the regulatory mechanisms of gsdf and dmrt1 expression in XY gonads. by the microarray screening. The levels of mRNA encoding each gene were measured using total RNA extracted from XX and XY gonads at 5, 6, and 7 dph (c-n). The phylogenetic tree for #9475/gsdf, the gonadal soma-derived factor (GSDF) homolog of teleosts, and the transforming growth factor (TGF)-beta superfamily was generated using the neighbor-joining method. Human CG beta was defined as the root. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. Scale bars indicate substitutions per site. The dotted line indicates the outline of a type-A spermatogonia. Scale bars for d, e, h, and insets f and g, 10 µm; scale bars for f and g, 100 µm. 
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